Abstract-The so-called spread OFDM(S-OFDM) system is designed to resist frequency-dependent attenuation by using Walsh-Hadamard (WH) code for spreading the frequency-domain OFDM symbols in the transmitter, and linear detectors, like ZF or MMSE, are usually used to recover the signals in the receiver. In this paper, an improved ZF detection algorithm is proposed for reducing the problem of amplifying noise compared with common ZF algorithm for spread OFDM in underwater acoustic channels. In contrast to the MMSE, the proposed algorithm dose not require estimating the variance of noise. Simulation results show that the proposed ZF algorithm has much better performance than that of common ZF method in all SNR range. Even if compared with MMSE, the proposed algorithm also gets much performance gain in high SNR range.
INTRODUCTION
Generally, underwater acoustic communications has poor link quality due to the multipath and time variability of underwater channels. The main cause for multipath propagation is the reflections from surface and bed of ocean, it produces big delay to the underwater acoustic signal and then causes severe frequency-dependent attenuation [1, 2, 3] .
To resist the excess delay spread inherited in underwater acoustic channel, multicarrier communication is an alternative for its long symbol duration. Orthogonal frequency division multiplexing (OFDM) transmits signals over multiple orthogonal subcarriers simultaneously, it can obtain outstanding performance in tough multi-path environments, achieving reasonable spectral efficiency and data rate [4, 5] . Despite its remarkable adaptation to multipath channel, one of the main concerns in OFDM is the loss of multipath diversity. The reason is that each frequency-domain symbol is transmitted over a flat sub-channel individually, so that it will provide no guarantees in correctly detection if the corresponding sub-channel falls deeply fading.
There have been several proposals in the literature to alleviate the problem of deeply fading for OFDM. One of the existing techniques, which has received amount of research attention, is based on spreading each data symbol across all OFDM subcarriers [6, 7] , so that each subcarrier contains a linear combination of all the data symbols. Then, the deeply degraded subcarriers can also be recovered through a de-spread process in the receiver. This spreading is usually done by a pre-coding unitary matrix (e.g. the Walsh-Hadamard [8] ). Currently, such spread OFDM technique has been introduced into underwater acoustic communications in [9, 10] for resisting the strong multipath in underwater acoustic channels. Rather than maximum likelihood (ML) receiver, whose complexity would be exponential growth with the number of symbols spread, the simple linear receivers, like zero-forcing (ZF) and minimum mean square error (MMSE), are often used in S-OFDM [7, 11] . However, the ZF detector has the disadvantage of amplifying noise; the MMSE detector, which cuts down amplifying noise, has to estimate the variance of noise [6] .
In this paper, we propose an improved ZF detecting algorithm for S-OFDM with underwater acoustic channels, where those sub-carriers with the channel power below a predesigned threshold will be deleted before de-spreading and ZF detecting in order to avoid amplifying noise. The data in the deleted sub-carriers can still be recovered since other sub-carriers remained also include their data due to spreading process. By using such a simple sub-carrier deleting method, the proposed ZF obtains much better performance than that of common ZF, and also outperforms the MMSE in high SNR range, which will be certified by simulations.
The remaining part of the paper is organized as follows: Sect. 2 presents the basics of OFDM system and the concept of S-OFDM. Sect. 3 presents the different detectors. Section 4 introduces the proposed ZF detector. Sect. 5 discusses the channel model, simulation parameters and showing the simulation results. Sect. 6 concludes the paper.
II. S-OFDM SYSTEM
In conventional OFDM, the transmitted data are split into N parallel streams, then go through an N point IFFT operation to produce a complex OFDM signal: In a frequency selective underwater channel, there always exits deeply faded subchannels, which will distort the OFDM subcarriers that are in their neighborhood, resulting in a loss of symbols carried by these subcarriers. And this ultimately results in a high BER. The approach we used is to scatter data symbols over the entire bandwidth. This technique is called spread OFDM. Fig.1 is the system model of S-OFDM. The every single symbol is spread into all subcarriers. So if some subcarriers are faded intensely, we can also use simple linear matrix operation to recover all data symbols in the receiver.
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S-OFDM is a simply modified OFDM compared to the conventional OFDM model. In transmitter, after a spread operation, the spread frequency domain signal is fed to IFFT:
Note that s is transmitted symbol vector with length N .
C is the normalized spread matrix, in this paper, we choose WH spread, so The entire transmit process is depicted in Fig.1 
Then after OFDM demodulation, the received signal can be represented: y= + GCs Fν (8) 
III. S-OFDM DETECTION
We will introduce two detection techniques for S-OFDM system namely ZF and MMSE. For the enormous calculate complexity, we don't consider the Maximum Likelihood (ML) algorithm. Assuming the receiver can get perfect channel information, i.e. the matrix G .
A. ZF
The way of ZF detector is to remove the interference of channel by multiplying 
In case of the S-OFDM, for the estimation of individual symbol, according to the process of code spreading, we can easily get:
Note that c k is the k th volume of the spread matrix C . 
In other words, the
The solution is given as [6] :
So the resulted MMSE symbols will be as follows:
For the conventional OFDM with no spread, = N C I , the detected symbol is:
( ) 
And for S-OFDM, generally the spread matrix is unitary matrix, 
IV. PROPOSED ZF DETECTION
Comparing two detectors, we find that the ZF detector can resist the decline of Rayleigh distributed channel entirely, but ignore the impact of amplifying noise when channel power is very low which will cause terrible BER performance. The MMSE detector takes the noise into account, but the MMSE matrix cannot accurately eliminate the channel impact and require estimate the variance of noise. So, our purpose is to do some improvement based on ZF detector, to suppress the noise under accurate channel equalization.
From sect.2 we can find that using S-OFDM is to resist the frequency selective attenuation through spreading all symbols across all OFDM subcarriers to solve the degradation of individual subcarrier. And in the receiver, after FFT, every received symbol will be de-spread into all data to recover the original data symbol. But if one subcarrier undergoes sever degradation, then through the ZF detection the noise will be amplified, after de-spread, the big noise is spread into all symbols, so the performance of S-OFDM with ZF detector will be bad.
After OFDM detection, the received signal can be expressed:
x= Cs+ pr G FC ν We know that in the S-OFDM system, a missed symbol could be recovered through other symbols during the de-spread process. So during the ZF detection, if we find one subcarrier is deeply degradation, we can abandon it together with its large noise caused by ZF detector. Then in the process of de-spread, we can recover this subcarrier with little error, meanwhile wipe off the influence of large noise. The specific method is to set the data to zero(the mean of transmitted data) whose channel degradation value is lower than a threshold L:
Then we de-spread the getting data:
[ ]
From the MATLAB simulation in the next section, we can know that for multi-path underwater acoustic channel, the proposed ZF detector can efficiently reduce BER with a proper threshold.
V. CHANNEL MODEL AND SIMULATION RESULTS
In this section, we will show the performance of S-OFDM with different detectors using BER performance in underwater channel. Channel characteristic plays an important role in designing the scheme. Underwater test shows that the channel often exhibits poor than a Rayleigh distributed channel modeling due to the sever signal fading and complicated noise from different sources. The change of position and time also has significant impact on the channel property. Less deep acoustic channel has been modeled as a L path Rayleigh channel, the L is correlated to the maximal delay [1, 2, 3] . Additive white Gaussian noise (AWGN) for the system is combined at the receiver. The channel response can be expressed:
Where M is the number of rays using in the multipath channel model. The ( ) i a t and i τ are channel magnitudes and propagation delay of k th path. A detailed study can be found in [3] . In these simulations, we choose QPSK modulation, and 128 subcarriers in OFDM. Where 15 L = for the maximum delay is 15 times of one symbol duration. And the channel is assumed to be steady during an OFDM block whose energy is normalized to 1. Meanwhile we assumed that the receiver knows perfect channel information. And for ISI, we used a cyclic prefix (CP) whose length is equal to the maximum delay to maintain the orthogonality of subcarriers while eliminating ISI. The bit error rate (BER) for OFDM and S-OFDM with different existing detectors was simulated in Figure 2 . Note that the S-OFDM with MMSE detector shows better performance than conventional OFDM owing to its immunity to the channel nulls and resistance to the noise spread. The gain is about 8dB when BER is 3 
10
− . On the contrary, for the reason of spreading the big noise to entire spectrum, S-OFDM with ZF detector shows even bad to ordinary OFDM. Note that comparing the proposed ZF detector to conventional ZF detector, we can find there is an obvious gain in BER. It means that the abandon of deeply degraded subcarriers works to prevent the spread of big noise. The gain is around 9dB when BER is 3 
− . Then we want to find a proper threshold for this simulation condition. So we test the BER of proposed ZF-OFDM for different threshold in Fig.4 . Note that the best threshold is ranging with SNR. In general, when the threshold is around 0.005, the BER for all different SNR approaches their minimum value, so we consider the most proper threshold is 0.005 in this simulation condition. Compared with MMSE detector, the proposed ZF detector shows even better in high SNR, it has a gain around 5dB to MMSE detector when SNR is 5 
− , which means that proposed ZF detector synthesizes the merit of ZF and MMSE detector and has better adaptation in underwater channel.
VI. CONCLUSION
S-OFDM system has ability to ensure multipath resilience without any data losses or increasing in the average transmitted energy. By analyzing the weakness of MMSE and ZF detectors, an improved threshold based ZF detector is proposed to prevent the spread of noise and resist the degradation of channel entirely. Simulation results demonstrated that the performance of proposed ZF detector has an obvious improvement to the ZF detector. Compared to the MMSE detector, proposed ZF detector also performs better in high SNR without the need of estimating noise variance.
